Distribution of Trace Elements and Minerals in
Human and Cow's Milk cow's milk contains a large proportion of the total amounts of the elements cited above (Fe 24%' Cu 44%, Zn 84%, Ca 41%, Mg 25%) whereas human casein only binds minor amounts (Fe 9%' Cu 7%, Zn 8%, Ca 6%, Mg 6%). Whey proteins bind a major part of these elements in human milk, but not in cow's milk. Significant amounts of iron are bound to the lipid fraction in both cow's and human milk (14 and 337'0, respectively), predominantly bound to the outer fat globule membrane. Low molecular weight compounds (ligands) bind significant proportions of all the elements investigated in both cow's and human milk, with the exception of zinc in cow's milk, of which only 2% is associated with this fraction.
The differences in trace element bioavailability observed in infants fed human milk versus cow's milk (formula) may there-RESULTS fore be explained, in part, by differences in ligandbinding; the differences in distribution between the casein and whey proteins may be especially important. It is possible that casein may act as a limiting factor for the absorption of trace elements and minerals in the newborn infant with limited digestive function. Abbreviations IFGM, inner fat globule membrane LMW, low molecular weight OFGM, outer fat globule membrane SDS, sodium dodecyl sulfate
The trace elements iron, copper and zinc are essential for normal growth and development in infants (18, 32, 33) . Calcium and magnesium are likewise of critical importance for the growing infant. Because the only food for the newborn infant is breast milk or a formula, usually based on cow's milk, it is important that the milk or formula provide adequate amounts of these elements in order to prevent deficiency. Trace element deficiency is very rare in breast-fed infants, compared with infants fed cow's milk or an unsupplemented formula (6, 7, 8) . Because the concentration of trace elements in cow's milk or formula is similar or higher than in human milk (23, 24) , it is reasonable to assume a higher availability of these elements from human milk than from cow's milk or formula. This has been demonstrated for iron by using radioisotope methods (27, 30) . Some reports suggest that this is also the case for zinc (4, 14, 3 1). We have previously described the distribution of iron (lo), copper, zinc, calcium, and magnesium (1 1) in human milk and in human milk fat (12) . Those studies were canied out as an attempt to identify the compound or compounds associated with these trace elements and minerals, which are at least partly responsible for their high bioavailability. In this study we have determined the distribution of iron, copper, zinc, calcium, and magnesium among different fractions of cow's milk and compared the results with extended fractionations of human milk.
MATERIALS AND METHODS
Milk samples. Bovine milk samples (0.5-4 months of lactation) were obtained from lactating Holstein cows at the Department of Animal Science, University of California at Davis. Human milk samples were obtained from healthy mothers at different stages of lactation (0.5-12 months) by emptying one breast with a manual pump (Egnell's Hand Pump, Eklund & Co., Davis, CA) at the second nursing of the day, mixing the milk and taking an aliquot. Fresh milk samples were fractionated and analyzed immediately after being taken.
Fractionation procedure. Milk samples were fractionated into fat and skim milk as earlier described (10) (Fig. l) , and the skim milk was ultracentrifuged to obtain a casein pellet. The whey was subsequently ultrafiltered to obtain a fraction with molecular weight less than 10,000 (LMW fraction) and a whey protein fraction. The fat was separated into OFGM, IFGM, and triglycerides. This was achieved by treating the fat fraction with an equal amount of 2% SDS at 40°C for 1 h. This method is a slight modification of the procedure used by Bianco (2). After centrifugation at 15,000 x g for one h at 37"C, the SDS solution containing the OFGM could be separated by gentle pipetting. The flotation layer was melted at 60°C for 1 h and then centrifuged at 47°C for 20 min at 15,000 x g. After cooling, the triglycerides could be separated from the IFGM fraction with a spatula.
Analytical procedure. Duplicate samples of whole milk and the various fractions were wet-ashed (5) and analyzed by atomic absorption spectrophotometry (Perkin-Elmer 370 and Unicam 2900). Recovery was 92-103% and the coefficient of variation 0.4-5.8%.
The concentration of iron in cow's milk is very similar to that of human milk ( Table 1 ). The copper content of cow's milk is lower than in human milk whereas the concentration of zinc is higher in cow's milk than in human milk. As can be seen, cow's milk contains about 4-5 times more calcium and magnesium, respectively, than human milk.
The milk fat contains a considerable amount of iron both in cow's and human milk, 14% and 33%, respectively (Table 2) . Only 2% of the copper in cow's milk is found in the fat whereas in human milk 15% is found in this fraction. Comparatively small proportions of zinc, calcium, and magnesium are found in the fat fraction.
The pellet fraction, which contains mostly casein, contains considerable proportions of all the elements analyzed in cow's milk whereas this fraction contains minor parts of these elements in human milk. The whey proteins, on the other hand, bind comparatively smaller proportions of trace elements and minerals in cow's milk than in human milk.
Low molecular weight compounds (ligands) bind significant proportions of the elements investigated both in cow's and human milk, with the exception of zinc in cow's milk, of which only 2% is associated with this fraction.
The majority of the elements found in the milk fat fraction was found in the OFGM in both cow's and human milk (Table  3) . Only-minute amounts of these elements were found in the triglyceride ("core") fraction. ' a -t S.E.M. 
DISCUSSION
The values obtained for iron, copper, zinc, calcium, and magnesium in cow's milk in this study, are very similar to those reported by other investigators (23, 28, 34, 35, 36) . The wide variation in concentration for each element among the samples most likely reflect individual differences and varying lactation time. There are pronounced changes in concentrations of iron, copper, and zinc during the lactation period (23); however, as no significant changes in distribution among fractions was found, data were grouped. It should be noted that the major changes in mineral concentrations occurs during early lactation (28, 29, 30) and that in this study only mature milk was studied. In order to study the distribution of trace elements and minerals in milk, a new type of fractionation procedure was developed (Fig. 1) . Classical procedures for milk fractionation (skimming, churning, acid-precipitation etc.) are often inadequate and cause re-distribution of these elements. The methods used in this paper are non-invasive and give the separations required. We have previously reported that a significant percentage (30%) of the iron in human milk is found in the fat fraction (lo). Similar observations have been made for cow's milk, which is in agreement with the findings of King et al. (20) . By using the solubilization procedure for the fat globules, we found that iron is not associated with the fat per se, but rather to the membrane proteins of the outer membrane surrounding the fat globule. We have preliminary evidence that a major part of the iron in the fat fraction of human milk is bound to the enzyme xanthine oxidase (12) ; it has been suggested that iron in cow's milk fat is also bound to this enzyme (29) . In addition, our preliminary studies indicate that zinc in this membrane is bound to alkaline phosphatase (12), a zinc metalloenzyme also known to be present in the human milk fat. Casein, which is by far the major component of the pellet fraction, binds significant amounts of trace elements and minerals in cow's milk, but only very minor amounts in human milk. The procedure used in this study (ultracentrifugation) separates casein in the form of micelles only. Using this method, no detectable amount of free casein subunits was found in the supernatants from the ultracentrifugation of human milk whereas in cow's milk very small amounts of casein subunits were found. The method commonly used to isolate casein, by acid precipitation, was found to be inappropriate for this study because the change in pH causes re-distribution of metal ions (16, 21) . The binding of these elements to casein is most likely explained by the presence of phosphoserine groups on the casein molecule, which have been demonstrated to bind cations like calcium (1 3) and iron (1 7). The larger proportions of the elements bound to casein in cow's milk can most likely be explained by the considerably higher concentration of casein in cow's milk than in human milk (1 5) .
A considerably smaller proportion of the iron in cow's milk than in human milk is bound to the whey protein fraction. We have previously shown that the iron in the whey protein fraction of human milk is bound to lactofemn (10) . This protein is present in much lower concentration in cow's milk than in human milk, which may partly explain why less iron is bound to this fraction in cow's milk. Zinc and copper in human milk is to a large extent bound to whey proteins. We have recently shown that the protein in whey binding zinc and copper is identical to serum albumin (22) , which is a non milk-specific protein passively transferred to the milk from the blood. Despite the fact that serum albumin is of the same concentration in both milks, this protein is only of significance as a zinc binding compound in human milk. These observations, together with the difference in casein content, may explain the larger propor-tion of zinc and copper in the whey protein fraction of human milk.
' Significant proportions of the elements studied were found in the LMW fraction, with the exception of zinc in cow's milk. Within this fraction, the trace elements are associated to LMW ligands; this form has been suggested to render these elements easily accessible for absorption (23) . The LMW ligand binding zinc in human milk is citrate (25) . It is possible that citrate, which has high binding constants for calcium, iron, copper, and magnesium as well, is the LMW ligand binding these cations too. A high binding constant of a LMW ligand can cause less zinc to be bound to proteins which may inhibit absorption (16, 20) . Although the identification of the LMW ligand in human milk has been controversial (1 9), the initial report of citrate being this ligand has been verified by several other investigators (1, 3, 26) . The presence or zinc-binding properties in milk of other suggested ligands, such as picolinic acid (9), has not been confirmed outside the laboratories of their initial report.
A thorough investigation of the characteristics of the different compounds binding trace elements and minerals in cow's milk versus human milk may aid in the elucidation of the mechanisms of trace element absorption. Such knowledge is essential for the design of formulas in order to optimize the availability of trace elements and minerals.
